The phototolerance of three chlP transgenic tobacco (Nicotiana tabacum) lines, affected in geranylgeranyl reductase and, hence, deficient in tocopherols (vitamin E), was estimated by in vivo luminescence and fluorescence measurements and was compared with that of the wild type (WT). Exposure of leaf discs to high light (1 mmol photon m Ϫ2 s Ϫ1 ) and low temperature (10°C) led to a rapid inhibition of photosystem II (PSII) photochemistry that showed little dependence on the tocopherol level. PSII photo-inhibition was followed by lipid peroxidation with a time delay of about 4 h, and this phenomenon was exacerbated in the tocopherol-deficient leaves. A linear correlation was observed in these short-term experiments between resistance to photooxidation and tocopherol content. When whole plants were exposed to the same treatment, PSII was severely photo-inhibited in mature leaves of all genotypes. Lipid peroxidation was also observed in all plants, but it occurred much more rapidly in tocopherol-deficient transgenic plants relative to WT plants. The time at which extensive lipid peroxidation occurred was correlated with the tocopherol content of the leaves. The present results show that tocopherols protect thylakoid membranes against photodestruction through lipid peroxidation. However, tocopherol deficiency was compensated in young, developing leaves that were able to photo-acclimate in the long term and did not suffer from photooxidative damage. Soluble antioxidants (glutathione and ascorbate) did not accumulate in photo-acclimated chlP transgenic leaves relative to WT leaves. In contrast, a selective accumulation of xanthophyll cycle pigments was observed in young transgenic leaves, and this could represent a compensatory mechanism for tocopherol deficiency.
Vitamin E is the collective term for a group of amphipathic compounds, the tocopherols and tocotrienols, synthesized exclusively by photosynthetic organisms (Fryer, 1992; Bramley et al., 2000; Munné-Bosch and Alegre, 2002) . ␣-Tocopherol is the major and most active component of vitamin E. In vascular plants, ␣-tocopherol is found mainly in the envelope and the thylakoid membranes of chloroplasts. In vitro experiments on lipid bilayers incorporated with tocopherols have demonstrated that tocopherols have the ability to terminate chain reactions of polyunsaturated fatty acid free radicals generated by lipid oxidation. This chain-breaking action during lipid oxidation is supposed to be the most important function of tocopherols in vivo.
Vitamin E has long been recognized to be an essential antioxidant in animal cells. Tocopherols have been the subject of numerous studies that have emphasized their importance in the defense of animal or human tissues from a wide range of conditions and diseases that are mediated by oxidative degeneration (Bramley et al., 2000) . Although tocopherols may be similarly important in plant tissues, their antioxidant activity in plant cells has received far less attention. No precise function, except a putative role in the maintenance of PSII function by scavenging singlet oxygen 1 O 2 at the PSII reaction center (Trebst et al., 2002) , has been described to date. This is rather surprising because reactive O 2 species are produced predominantly in the chloroplasts (Fryer et al., 2002) , and thylakoid membrane fatty acids are highly unsaturated and, hence, very vulnerable to oxidative degradation. Moreover, in most plants, tocopherols seem to be the sole lipophilic photoprotectors that are present constitutively in the thylakoid membrane lipid phase. It has been suggested that, under certain environmental conditions, the antioxidant activity of tocopherols in thylakoid membranes can be supplemented by the carotenoid zeaxanthin (Havaux, 1998) , by diterpenes such as carnosic acid (Hopia et al., 1996) , or by isoprene (Loreto and Velikova, 2001; Afek and Yakir, 2002) .
The involvement of thylakoid tocopherols in the photoprotection of plants is supported by the observation that the tocopherol level increases in plants exposed to environmental stress conditions that are susceptible to induce oxidative stress (e.g. Wildi and Lü tz, 1996; Delong and Steffen, 1997; Fryer et al., 1998; Havaux et al., 2000; Munné-Bosch and Alegre, 2000) . Although there have been several attempts to investigate the function of tocopherols in mutant or transgenic plants affected in tocopherol synthesis, these studies did not provide a clear answer regarding the antioxidant activity of tocopherols. Tocopherol deficiency was generated in tobacco (Nicotiana tabacum) plants transformed with antisense chlP that have a reduced activity of geranylgeranyl reductase (Tanaka et al., 1999) . These plants were characterized by decreased tocopherol content and by the accumulation of geranylgeranylated chlorophyll at the expense of (phytylated) chlorophyll. However, the transgenic plants could not be distinguished from the wild type (WT) on the basis of their photosynthetic performance (Grasses et al., 2001) , indicating that geranylgeranylated chlorophyll does not affect light harvesting and energy transfer in the PSs and also that tocopherol deficiency has no major effect on the photosynthetic machinery. Similarly, disruption of homogentisate phytylphytyltransferase or hydroxyphenylpyruvate dioxygenase in the cyanobacterium Synechocystis PCC 6803 caused an absence of tocopherols without apparent changes in photosynthesis and growth in low or high light (Collakova and DellaPenna, 2001; Dähnhardt et al., 2002) . Very recently, Porfirova et al. (2002) isolated an Arabidopsis mutant that was deficient in tocopherol cyclase activity, resulting in a complete lack of tocopherols. Again, absence of tocopherol had no large impact on photosynthesis and had minor effects on phototolerance. This lack of deleterious effects of tocopherol deficiency was interpreted as the result of the upregulation of other photoprotective mechanisms that compensated for the tocopherol deficit or by the stress treatments that were not severe enough to produce detectable differences between the WT and the transgenic strain. Nevertheless, a small increase in the susceptibility of PSII to photo-inhibition was observed in tocopherol-deficient chlP transgenic tobacco leaves using chlorophyll fluorescence measurements (Grasses et al., 2001) . Similarly, herbicideinduced blocking of tocopherol synthesis in the green alga Chlamydomonas reinhardtii exposed to high light was associated with a loss of PSII activity (Trebst et al., 2002) .
In this work, we have compared the phototolerance of WT tobacco and three chlP transgenic tobacco lines deficient in tocopherols. Plants were exposed in the short term and in the long term to excess light energy induced by low-temperature and high-light intensity, and the lipid peroxidation status was monitored by in vivo thermoluminescence measurements. The combination of chilling stress and high-light intensity is known to be particularly favorable to induce both photo-inhibition and photooxidation in higher plant leaves. During cold treatment, the enzymes of the Calvin cycle are slowed so that the incoming light energy funneled into the electron transport chain becomes more excessive. This can eventually cause overexcitation of the PSs and overreduction of the electron carriers, leading to excitation/electron "leakage" to molecular oxygen and production of activated oxygen species (Wise, 1995) . Although the tocopherol deficiency in the chlP transgenic tobacco plants used in this study was not complete, lipid peroxidation was noticeably increased relative to the WT, and we observed that this increase was proportional to the decrease in tocopherol concentration. However, in the long term, young leaves of all transformants were able to acclimate to photooxidative stress, suggesting the existence of compensatory mechanisms for the tocopherol deficit. One possible mechanism was identified in this study, namely a marked increase in the pool size of the xanthophyll cycle carotenoids.
RESULTS
The tocopherol level (␣-and ␥-tocopherols) in leaves of the transgenic tobacco lines T6 and T10 was reduced to approximately 50% of the tocopherol content of WT leaves, whereas the tocopherol concentration in T20 leaves was intermediate (see "control leaves" in Table I ), confirming previous analyses (Grasses et al., 2001) . Using chlorophyll fluorescence measurements, we also confirmed that the photochemical activity of chloroplasts was not affected in the transgenic plants grown in low light. No significant difference in the PSII photochemical efficiency (F v /F m ) was observed between WT and the transgenics (Table I) . Similarly, photosynthetic electron transport, measured by the fluorescence ratio (⌬F/F m Ј) in a wide range of photon flux densities (PFDs), was identical in WT and T6 leaves both at 25°C and at 10°C (Fig. 1) . The photosynthetic electron transport characteristics of T10 and T20 were also identical to those of WT leaves (data not shown). These observations confirm that geranylgeranylated chlorophyll, which represents approximately 50% of the total chlorophyll in T6 and T10 (Tanaka et al., 1999; Grasses et al., 2001) , does not restrict the photosynthetic capacity of the leaves.
Short-Term Photostress
Leaf discs punched out from mature leaves (leaves 5-7 of plants aged 40 d) were exposed to strong light (1,000 mol photon m Ϫ2 s Ϫ1 ) and to low temperature (10°C)-a condition that is close to photosynthetic saturation (see Fig. 1 ). This treatment resulted in a rapid and pronounced photo-inhibition of PSII as indicated by the decrease in the chlorophyll fluorescence parameter F v /F m , and this phenomenon was observed in all genotypes ( Fig. 2A) . WT and T20 leaves appeared to be less photo-inhibited than T6 and T10 leaves, but the difference was small. The same experiment was repeated at lower PFDs (500 mol photon m Ϫ2 s Ϫ1 , Fig. 2B ; and 250 mol photon m Ϫ2 s Ϫ1 , not shown) with a similar outcome: PSII photo-inhibition was only slightly increased in the tocopherol-deficient plants relative to WT plants.
High light-induced inhibition of photosynthesis at 10°C was accompanied by lipid peroxidation. The latter phenomenon was detected and quantified by thermoluminescence measurements on leaf discs. Spontaneous chemiluminescence from biological samples originates from electronically excited states such as singlet oxygen and triplet carbonyl provoked by radical chain reactions in lipid peroxidation (Boveris et al., 1983; Gutteridge and Halliwell, 1990) . This luminescence emission can be thermally stimulated by slowly warming the sample, leading to the appearance of successive emission bands in thermograms. (Thermo) luminescence measurements have been applied for estimating the lipid hydroperoxide content of various plant materials from edible oil samples to organs (Mathew and Roy, 1992; Hideg and Vass, 1993; Miyazawa et al., 1994; Makino et al., 1996; Palacios et al., 1996; . In plant leaves, the two lipid peroxation-related TL bands that have been characterized (at about 80°C and about 135°C) are believed to originate mostly from lipid cycloperoxides that are broken during heating, leading to the formation of carbonyl species in excited triplet state . The luminescence amplitude has been correlated with other indicators of lipid peroxidation such as the thiobarbituric acid (TBA) reactive species assay (Minamide et al., 1998; Rhoden et al., 2001 ; P. Mü ller-Moulé, M. Havaux, and K.K. Niyogi, unpublished data), the ethane assay (Havaux and Niyogi, 1999) , and the HPLC determination of the lipid hydroperoxide concentration (Havaux and Niyogi, 1999) .
As shown in Figure 3A , lipid peroxidation manifests clearly in tobacco leaves as a TL emission peak at about 80°C. No significant lipid peroxidation was measured during the first 4 h of illumination (Fig.  3B ). Subsequently, a dramatic increase in the 80°C TL emission band was measured in T6 and T10 leaves, indicating the occurrence of pronounced peroxidative damage to membrane lipids and the accumulation of lipid peroxy radicals. Pigment bleaching was also observed in T6 and T10 leaves exposed to highlight stress (not shown). In contrast, WT was resistant to lipid peroxidation, and the increase in TL emission was small and no leaf bleaching was detected. T20 appeared to be intermediate between WT and the T6 and T10 transformants; TL emission at 80°C strongly increased in T20 leaves, but this occurred later than the TL signal rise measured in T6 and T10. Lipid peroxidation was also estimated by measuring the level of MDA, a secondary end product of the oxida- tion of tri-unsaturated fatty acids (Gutteridge and Halliwell, 1990; Hodges et al., 1999) . In acidic medium, MDA reacts with TBA, yielding a pinkish-red compound with an absorbance maximum at 532 nm.
As shown in Figure 3C , the MDA level, as measured by the A 532 of the MDA-TBA complex, increased markedly in T6 leaf discs exposed for 5.5 h to high light at low temperature, confirming the occurrence of lipid peroxidation in those leaves. In contrast, the MDA level was low in WT leaf discs exposed to the same light treatment and also in unstressed T6 and WT leaves. T10 leaves behaved like T6 leaves with regard to MDA accumulation after light stress at low temperature (not shown). We calculated that the MDA content of light-stressed WT and T6 leaves was 0.24 Ϯ 0.01 and 0.62 Ϯ 0.06 nmol cm Ϫ2 , respectively. Thus, the results of the TBA reactive species assay confirm the TL data. In Figure 3D , the lipid peroxidation status of leaves after 6 h of exposure to chilling stress in high light was plotted as a function of the tocopherol concentration. A good linear (inverse) correlation was found between the two parameters.
The same experiment was performed on whole plants transferred to a growth chamber at 8°C. A rapid decrease in F v /F m was observed in leaves of all genotypes after transfer of the plants to low temperature and high light (1,000 mol photon m Ϫ2 s Ϫ1 ; Fig.  4A ). PSII slightly recovered during the stress experiment because F v /F m increased after 1 d of stress in all lines. A similar PSII recovery was previously found in Arabidopsis plants exposed to chilling stress in high light (Havaux and Kloppstech, 2001 ). Thermoluminescence measurements indicated that a dramatic lipid peroxidation occurred rapidly in T10 and T6 lines; a strong TL emission was measured in leaves of those lines after 1 d of exposure to the stress conditions (Fig. 4B) . Leaf bleaching also appeared after 1 d of stress. Lipid peroxidation and leaf bleaching also occurred in WT leaves, but those phenomena were much slower and were delayed by about 2 d relative to T6 or T10 leaves. Again, T20 appeared to be intermediate between WT and T6 or T10. Leaf photooxidation was accompanied by tocopherol consumption in all genotypes. After 3 d of exposure to chilling stress in high light, the ␣-ϩ ␥-tocopherol level fell to 44.1 Ϯ 3.4, 30.3 Ϯ 3.0, 8.7 Ϯ 3.8, and 4.6 Ϯ 3.3 ng cm Ϫ2 in WT, T20, T6, and T10 leaves, respectively.
Eosin Toxicity
Eosin is a well-known generator of 1 O 2 in the light (Knox and Dodge, 1985) . Leaf discs floating on an aqueous solution of eosin were illuminated with white light at a PFD of 400 mol photons m Ϫ2 s Ϫ1 . As expected (compare with Knox and Dodge, 1985) , this treatment brought about lipid peroxidation in T6 leaves, which manifested by a rapid increase in the TL signal amplitude (Fig. 5) . The luminescence increase appeared to be less pronounced in WT leaves, indicating a lower sensitivity to eosin toxicity. No lipid peroxidation was detected when the light treatment was imposed on leaf discs floating on distilled water (data not shown).
Long-Term Photostress
As shown above, mature tobacco leaves, and particularly those of the tocopherol-deficient chlP transgenic plants, suffered from extensive photooxidation when suddenly exposed to high light at low temperature. Lipid peroxidation was followed by bleaching of the leaves, which finally died and dried. However, we observed that very young leaves at the top of the plants did not bleach and succeeded to grow under conditions of chilling stress in high light. No lipid peroxidation was detected by thermoluminescence in those leaves, and the maximal photochemical efficiency of PSII was only slightly reduced (Table I , "acclimated Y leaves"). This tolerance of young leaves to photo-inhibition and photooxidation was found in WT and in all the transgenic lines. When discs punched out from young acclimated leaves were exposed to the same in vitro treatment as that Figure 2 . A, PSII photo-inhibition in tobacco leaf discs (WT, T6, T10, and T20) exposed to a high PFD of 1,000 mol m Ϫ2 s Ϫ1 and a low temperature of 10°C. B, PSII photo-inhibition in WT and T10 leaves exposed to 500 mol photon m Ϫ2 s Ϫ1 at 10°C. Leaf discs were taken from plants grown in low light at 25°C. Photoinhibition was measured by the decrease in the maximal quantum yield of PSII photochemistry as estimated by F v /F m . F v /F m was measured after 15 min of dark adaptation. White squares, WT; black squares, T6; black triangle, T10; white circle, T20.
used in the experiment of Figures 2 and 3 , no lipid peroxidation was observed in T6 leaves (Fig. 6A ) or in leaves of the other genotypes (data not shown). Also, PSII photo-inhibition (Fig. 6B) was similar in all types of plants and was noticeably less pronounced than that observed for nonacclimated leaves (compare with Fig. 2) . Thus, young leaves that developed under chilling stress were able to photo-acclimate, independently of the tocopherol deficiency.
The tocopherol level is known to be environmentally regulated (Fryer, 1992) . In accordance, photoacclimation of young WT leaves was associated with a noticeable accumulation of tocopherols (Table I , "acclimated Y leaves"). The tocopherol level was also increased in the T6 and T10 transgenic lines, but it remained much lower (approximately 50%) than the level measured in WT leaves.
Previous studies have shown that, on a leaf area or leaf weight basis, the carotenoid content of T6, T10, and T20 transformants was lower than the carotenoid content of WT, the decrease being slightly more pronounced for ␤-carotene and lutein compared with Figure 3 . Photooxidation of tobacco leaf discs exposed to a high PFD of 1,000 mol m Ϫ2 s Ϫ1 and a low temperature of 10°C. Leaf discs were taken from plants grown in low light at 25°C. Lipid peroxidation was measured by the amplitude of the 70°C to 80°C thermoluminescence signal as shown in A (HL, T6 leaf discs exposed for 7 h to the light stress; LL, control T6 leaf grown in low light at 25°C). B, Time course of the increase in thermoluminescence (80°C peak) during chilling stress in high light. White squares, WT; black squares, T6; black triangle, T10; white circle, T20. C, Malondialdehyde (MDA) level, as indicated by its light absorption at 532 nm after reaction with TBA in acidic medium, in T6 (thick line) and WT (thin line) leaves before (LL) and after (HL) high-light stress at low temperature. D, Plot of the lipid peroxidation status of tobacco leaves (measured by thermoluminescence after 6 h in high light at low temperature) versus the tocopherol concentration.
neoxanthin and the sum violaxanthin ϩ antheraxanthin ϩ zeaxanthin (Tanaka et al., 1999; Grasses et al., 2001 ). This carotenoid decrease was also observed in this study (not shown). We have examined in detail the carotenoid composition of photo-acclimated young leaves (Table II) . No significant difference was observed between WT and transgenic leaves with respect to the lutein, neoxanthin, and ␤-carotene concentrations. In contrast, the pool of xanthophyll cycle pigments (violaxanthin, antheraxanthin, and zeaxanthin) was noticeably increased in T6 (ϩ38%) and T10 (ϩ30%) relative to WT. This increase in the xanthophyll cycle carotenoids was not observed in T20. Thus, photo-acclimation of T6 and T10 leaves involved a selective increase in xanthophyll cycle pigments.
We also have examined the concentration of two soluble antioxidants, ascorbate and glutathione, that are involved in tocopherol recycling in thylakoid membranes. No significant difference was found in the total glutathione level between young leaves of WT and transformed plants exposed for 2 weeks to high light at 10°C. The concentration found in those leaves (1,459 Ϯ 18, 1,601 Ϯ 253, and 1,321 Ϯ 180 nmol g Ϫ1 fresh weight in WT, T6, and T10 leaves, respectively) corresponds approximately to the double of the glutathione level in control plants grown in low light. Similarly, no accumulation of ascorbate was observed in transgenic leaves relative to WT leaves during photo-acclimation (4,807 Ϯ 511, 2,568 Ϯ 273, and 4,176 Ϯ 739 nmol total ascorbate g Ϫ1 fresh weight in WT, T6, and T10 leaves, respectively). Figure 7 shows the light dependence plot of the quantum yield of photosynthetic electron transport in WT, T6, and T20 young leaves that developed under chilling stress conditions. Photo-/thermoacclimation of electron transport was obvious in WT leaves (compare with Fig. 1, 10°C) ; electron transport at 10°C was less rapidly saturated with increasing PFD in leaves acclimated to chilling stress in strong light relative to control leaves. At a given PFD, the efficiency of photosynthetic electron transport was higher in acclimated WT leaves relative to control (nonacclimated) WT leaves. In T6, the light dependence curve of photosynthetic electron transport in acclimated leaves was not significantly modified relative to control growth conditions (Fig. 6 versus Fig.  1 ). T20 was intermediate between WT and T10. Thus, the phototolerance of young T6 and T10 transgenic leaves cannot be explained by a change in their photosynthetic capacities, which remained virtually constant during acclimation.
DISCUSSION

Tocopherol Deficiency Increases the Sensitivity of Tobacco Leaves to Photooxidative Stress
Tocopherol deficiency had no detectable effect on photosynthesis of tobacco plants grown in low light (70 mol photon m Ϫ2 s Ϫ1 ). This finding is in agreement with previous studies of tocopherol-deficient plants and cyanobacteria (Collakova and DellaPenna, 2001; Grasses et al., 2001; Porfirova et al., 2002) . Similarly, treatment of algal cells with an inhibitor of tocopherol synthesis in low light was shown to decrease the tocopherol level without affecting PSIImediated electron transport (Trebst et al., 2002) . We . Photo-inhibition and photooxidation of mature leaves of tobacco plants exposed to a high PFD of 1,000 mol m Ϫ2 s Ϫ1 and a low temperature of 8°C. PSII photo-inhibition (A) was measured by F v /F m . Photooxidation (B) was measured by the amplitude of the 80°C thermoluminescence peak. Leaf temperature was about 10°C. White squares, WT; black squares, T6; black triangle, T10; white circle, T20. Tocopherols and Chloroplast Membrane Photostability found also that tocopherol-deficient leaves did not exhibit any increase in the luminescence emission at high temperature, in the MDA content, or in the concentration of antioxidants (carotenoids, glutathione, and ascorbate) relative to the WT, indicating that chronic oxidative stress did not occur. In striking contrast, the sensitivity of tocopherol-deficient tobacco plants to a sudden exposure to excess light energy at low temperature was dramatically increased, and we found that the level of lipid peroxidation under such conditions was related in a quantitative manner with the tocopherol content of the leaves. This was observed both in leaf discs and in attached leaves. In both cases, lipid peroxidation occurred much more rapidly in tocopherol-deficient leaves relative to WT leaves, confirming the idea that tocopherols are important antioxidants specifically involved in the protection of plant membrane lipids against photodestruction. To our knowledge, this is the first in vivo demonstration using genetically modified plants that tocopherols reduce photooxidative stress and lipid peroxidation in plants. This study differs from previous studies of tocopheroldeficient transgenic photosynthetic organisms, which failed to show a specific effect of tocopherols against photooxidative stress (Collakova and DellaPenna, 2001; Grasses et al., 2001; Porfirova et al., 2002) . Possibly, the use of appropriate stress treatments (chilling stress ϩ high light) and a sensitive biophysical method (thermoluminescence), which can detect and quantify in situ peroxidative damage of thylakoid membrane lipids, allowed us to observe the antioxidative activity of tocopherols in chloroplasts. The fact that tobacco is sensitive to chilling stress (compared e.g. with Arabidopsis) was also favorable to observe lipid peroxidation under the stress conditions used in this study. As far as photo-inhibition of PSII photochemistry is concerned, we found relatively little difference between WT and the transgenics exposed to different light stress conditions. Thus, the differential lipid peroxidation observed between WT and the tocopherol-deficient transgenic plants was not associated with a similar difference in PSII photo- inhibition. Our results do not allow us to assign tocopherol a specific role in the maintenance of PSII structure and function, as suggested in green algae (Trebst et al., 2002) . Grasses et al. (2001) found that the slowly reversible nonphotochemical quenching component of chlorophyll fluorescence was increased in the transgenic tobacco lines 6 and 10 after a short-term high-light stress at 20°C, suggesting an increased susceptibility to PSII photo-inhibition when tocopherols are reduced. The rate and extent of photo-inhibition in the present study (Figs. 2A and 4A) were much more severe than those reported by Grasses et al. (2001) . Perhaps the stress treatment used here was adequate to reveal an increased susceptibility to photooxidation and masked possible differences in photo-inhibition. However, when the intensity of the stress treatment was lowered (Fig.  2B) , the apparent rate of PSII photo-inhibition in the chlP transformants did not differ strongly from that of WT. Similarly, PSII inhibition after high-light stress was only slightly increased in the completely tocopherol-deficient vte1 Arabidopsis mutant relative to WT (Porfirova et al., 2002) . The fact that PSII photo-inhibition in ChlP transgenic leaves did not differ much from that of WT leaves confirms that geranylgeranylated chlorophyll did not significantly perturb energy transfer and photochemical reactions in the PSs. Therefore, it is unlikely that photooxidation of T6 and T10 leaves was due indirectly to the partial replacement of (phytylated) chlorophyll by geranylgeranylated chlorophyll. This conclusion is supported by the increased sensitivity of T6 leaves to eosin toxicity because in the experiments of Figure 5 , 1 O 2 was generated by direct excitation of the dye and not through chlorophyll excitation.
Tocopherols and Xanthophyll Carotenoids
The low tocopherol concentration in T6 and T10 leaves did not prevent long-term acclimation of the plants to excess light energy. Young T6 and T10 leaves succeeded in acclimating and growing under excess light energy and low temperature conditions. They did not exhibit any lipid peroxidation, showed limited photo-inhibition, and were resistant to the in vitro light stress that caused strong photooxidative damage in nonacclimated leaves. It is likely that the tocopherol deficit was compensated in the long term by other photoprotective mechanisms. One can exclude from the chlorophyll fluorescence measurements presented in this study (Fig. 7) that a change in the photosynthetic electron transport efficiency was involved in the photo-acclimation of young T6 and T10 leaves. Although the tocopherol content increased during photo-acclimation, it remained much lower than that measured in photo-acclimated WT leaves, and it was comparable with that measured in nonacclimated WT leaves, which were sensitive to a sudden exposure to chilling stress in the light (Fig. 4) . Moreover, young acclimated leaves were thicker than nonacclimated leaves; the leaf-specific weight increased from around 15 mg fresh weight mm Ϫ2 on average (in low light) to around 25 mg mm Ϫ2 (in high light) in all genotypes. Thus, in reality, the increase in tocopherol content (per leaf weight unit) was much less pronounced than suggested by the data of Table  I . When expressed per milligram of leaf fresh weight, the tocopherol level in T6 and T10 was increased by only 20% to 25% during photo-acclimation at low temperature, whereas the tocopherol concentration in WT leaves increased by about 50% to 60%. It is clear, however, that the drawback of our ChlP transgenic plants is that the tocopherol deficiency is not complete (although this allowed us to correlate leaf phototolerance with tocopherol content, Fig.  3D ). We cannot exclude that the capacity of T6 and T10 to acclimate in the long term to high-light stress is related to the residual level of tocopherols.
Neither glutathione nor ascorbate (which are both involved in ␣-tocopherol regeneration from ␣-tocopheroxyl radicals) accumulated in the transgenics (relative to WT) during photo-acclimation. A similar phenomenon was observed previously in the high alpine plant Eriophorum angustifolium (Lü tz, 1996) . Strong irradiation after a frost period resulted in a destruction of the thylakoid membranes with massive losses of ␣-tocopherol and ␤-carotene, whereas ascorbate and glutathione remained unaffected, suggesting that the latter compounds were not consumed in a defense reaction. In contrast to soluble antioxidants, a marked increase in the xanthophyll pigment content was found in T6 and T10 leaves relative to WT leaves, and we believe that this phenomenon has a photoprotective value. It is known that one of the functions of zeaxanthin is to prevent accumulation of reactive oxygen species that lead to oxidative damage of membrane through lipid peroxidation (Havaux and Niyogi, 1999; Havaux et al., 2000) . In Arabidopsis, overexpression of the chyB gene that encodes ␤-carotene hydroxylase has been shown to cause a specific increase in the size of the xanthophyll cycle pool and a concomitant enhancement of photooxidative stress tolerance (Davison et al., 2002) . Similarly, transgenic tobacco plants overexpressing a bacterial carotene hydroxylase gene synthesized more zeaxanthin in high light than the WT and were more tolerant to UV-and rose bengalinduced lipid peroxidation (Gö tz et al., 2002) . Moreover, it seems that minor amounts of zeaxanthin in the chloroplasts are sufficient for protection against photooxidative damage (Baroli et al., 2003) . The exact mechanism by which zeaxanthin inhibits lipid peroxidation is not yet established. Zeaxanthin could block lipid peroxidation by a direct antioxidant action within the membrane lipid phase (Lim et al., 1992; Havaux, 1998) , where it could have a synergetic effect on the action of tocopherol (Palozza and Krinsky, 1992) . Alternatively, zeaxanthin could inhibit photooxidation by efficient quenching of 1 O 2 produced in the light-harvesting complexes (MathewsRoth et al., 1974) . Based on the observations reported above, one can interpret the selective accumulation of xanthophyll cycle pigments in T6 and T10 leaves as an adaptive response that compensates for the tocopherol deficiency. Interestingly, photo-acclimation of young leaves of the zeaxanthin-deficient npq1 Arabidopsis mutant was associated with a substantial increase in tocopherols relative to the WT (Havaux et al., 2000) . Accumulation of tocopherols when zeaxanthin is absent and vice versa supports the idea that both compounds could have overlapping functions. It is clear that the function of tocopherols must be considered as part of an interconnected network of antioxidants, detoxificative enzymes, and physiological responses. The use of completely tocopheroldeficient mutants and of multiple mutants affected in several components of this network (e.g. mutants deficient in both vitamin E and zeaxanthin) will probably be the next step in the study of tocopherol function and functional redundancy by other antioxidative systems.
MATERIALS AND METHODS
Plant Material and Treatments
Three tobacco (Nicotiana tabacum) lines (named T6, T10, and T20) transformed with antisense chlP were analyzed (Tanaka et al., 1999) . These plants are characterized by a reduced activity of geranylgeranyl reductase, the enzyme that catalyzes the reduction of geranylgeranyldiphosphate to phytylphytyl diphosphate in chloroplasts. Because the latter compound is required for tocopherol synthesis, the chlP transgenics are deficient in tocopherols (Tanaka et al., 1999) . The effects of the genetic transformation on the pigment content and growth of the plants have been described elsewhere (Tanaka et al., 1999; Grasses et al., 2001) . WT tobacco cv Samsun NN and chlP transgenic tobacco plants were grown under controlled conditions in a phytotron: The temperature was 25°C, PFD was 70 mol m Ϫ2 s Ϫ1 , and photoperiod was 12 h. Light stress was imposed by transferring plants aged 40 d to a growth chamber at 8°C/6°C (day/night air temperature) and under a PFD of 1,000 mol m Ϫ2 s Ϫ1 . Leaf temperature, measured with an infrared thermometer, was about 10°C. "Mature" leaves corresponded to leaves 5 to 7 (from bottom), and "young" leaves corresponded to the leaves (of approximately 10 cm in length) at the top of the plants. Light stress was also imposed on leaf discs of 16 mm in diameter. The discs were punched out from mature leaves. Leaf discs placed on wet filter paper were exposed to white light (PFD ϭ 1,000 mol m Ϫ2 s Ϫ1 ) produced by 150-W metal halide lamps equipped with two infrared suppressor filters. Leaf temperature was maintained constant at 10°C. Eosin treatments of leaf discs were done as described previously (Havaux et al., 2000) . In brief, leaf discs of 1 cm diameter, floating on an aqueous solution of 0.5% (w/v) eosin Y, were illuminated with white light at a PFD of 400 mol photon m Ϫ2 s Ϫ1 . Temperature of eosin was maintained constant at 22°C.
Photosynthetic Electron Transport
Chlorophyll fluorescence emission from the upper surface of the leaves was measured with a PAM-2000 fluorometer (Walz, Effeltrich, Germany), as previously described (Havaux and Kloppstech, 2001 ). The maximal quantum yield of PSII photochemistry was measured in dark-adapted sample from the initial fluorescence level (F o 
Lipid Peroxidation
Thermoluminescence measurements were performed on leaf discs with a custom-built apparatus, as described previously (Havaux and Kloppstech, 2001) . In brief, the leaf sample was slowly heated from 25°C to 150°C at a rate of 6°C min Ϫ1 . Leaf temperature was measured with a tiny K-type thermocouple. Heat-induced luminescence emission was measured with a photomultiplier tube, the current of which was amplified by a transimpedance amplifier. Both leaf temperature and thermoluminescence were recorded by a computer using a DaqPad-1200 data acquisition system (National Instruments, Austin, TX). The amplitude of the 80°C thermoluminescence band was used as an index of lipid peroxidation (Hideg and Vass, 1993; Havaux et al., 2000) .
For comparison purposes, MDA, a decomposition product of the oxidation of polyunsaturated fatty acids, was also used as an index of lipid peroxidation (Van Hasselt, 1974; Hodges et al., 1999) . The MDA assay is based on the fact that MDA reacts with two molecules of TBA via an acid-catalyzed nucleophilic addition reaction, yielding a pinkish-red chromagen with an absorbance maximum at 532 nm. TBA reactivity was determined according to Van Hasselt (1974) . One leaf disc of 1.6 cm in diameter was ground in 1 mL of chilled reagent (0.25% [w/v] TBA in 10% [w/v] trichloroacetic acid). After incubation at 90°C to 95°C for 20 min, the extracts were cooled at room temperature and then centrifuged. TBA reactivity was determined in the supernatant by measuring the A 532 . Nonspecific turbidy was determined at 600 nm.
Soluble Antioxidants
Total glutathione (reduced ϩ oxidized) was determined by HPLC as described elsewhere (Carrier et al., 2003) . Total ascorbate was determined by HPLC using the method described by Wildi and Lü tz (1996) .
Lipophilic Antioxidants
Leaf discs (1-cm diameter) were frozen in liquid nitrogen and kept at Ϫ80°C before analysis. Carotenoids and tocopherols were extracted in 275 L of pure methanol. After centrifugation and filtration of the extracts, photosynthetic pigments were separated by HPLC with a reverse phase C18 column (Nova Pak, 60 A, 4 m, 3.9 ϫ 300 mm, Waters, Milford, MA) protected by a Bondapak C18 guard column, using the method developed by Lagarde et al. (2000) . The chromatography system consisted of a Waters 600E system controller and a Waters 996 Photodiode Array detector. Pure carotenoids used for calibration were bought from Extrasynthèse (Genay,
